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Key Points: 
 A 15,000-yr precipitation history over subtropical China was reconstructed based on 
well-dated (n=130 radiometric ages) lake levels. 
 Subtropical China precipitation trend does not resemble Asian summer monsoon trend 
but is synchronized with trends in tropical Pacific SST. 
 Juxtaposition of western Pacific subtropical high on Asian summer monsoon could have 
shaped the subtropical East Asian precipitation. 
 
Abstract  
Increasing lines of evidence question the homogenous response of Asian Summer Monsoon 
(ASM) precipitation patterns, requiring rethinking of the forcing mechanisms. Here we show 
a ~15,000-yr quantitative precipitation history based on well-dated lake levels at Lake 
Chenghai (LC), subtropical China. Lake levels and the inferred precipitation were high 
during the Bølling-Allerød, early and late Holocene, but low during the middle Holocene. 
The orbital scale precipitation trend is out of phase with boreal summer insolation, the later 
has been widely suggested as the driver of ASM precipitation. LC long term lake levels are 
synchronous with trends in tropical Pacific sea surface temperatures (SST), the related zonal 
SST gradients, and interhemispheric temperature gradients. We propose that changes in either 
the interhemispheric or zonal Pacific temperature gradients modulate the intensity and 
location of the western Pacific subtropical high, which is juxtaposed on the ASM, leading to 
heterogeneous hydroclimatic conditions over subtropical East Asia.  
  
Plain Language Summary 
We present a 15,000-yr record of southern China precipitation based on well-dated (n=130 
radiometric ages) lake level variations of a closed basin lake. The reconstructed long-term 
southern China precipitation trend is out of phase with boreal summer insolation, which has 
been shown to drive ASM precipitation, but broadly follows trends in tropical Pacific SSTs, 
the related zonal SST gradients, and interhemispheric temperature gradients. We propose that 
changes in either the interhemispheric or zonal Pacific temperature gradients modulate the 
intensity and location of the WPSH and are juxtaposed on the ASM, leading to heterogeneous 
hydroclimatic conditions over subtropical East Asia, including an unexpected southern China 
mid-Holocene drought. The results of this study are unique in that (1) precipitation was 
robustly reconstructed from beach evidence, which is a first order measure of the balance 
between rainfall amount and evaporation. (2) A new mechanism driving long-term 
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precipitation changes over subtropical east Asia is proposed. Providing the mechanism 
stands, increasing SST gradients under the expected global warming scenario could enhance 
the role of WPSH and lead to less precipitation over subtropical East Asia. 
 
1 Introduction 
Subtropical Asia is one of the world’s most populated regions, thus understanding the 
response of precipitation to changes in climate forcing is crucial for predicting future water 
availability. On orbital time-scales, changes in ASM precipitation have been generally 
assumed to be controlled by changes in boreal summer solar insolation (Cheng et al., 2016; 
Kutzbach, 1981; Y. J. Wang et al., 2001). However, in recent years increasing lines of 
evidence question the notion of a uniformly direct response of ASM precipitation to changes 
in boreal summer solar insolation. For example, Xie et al. (Xie et al., 2013) and Huang et al. 
(X. Huang et al., 2018) showed a dry mid-Holocene over central China. These heterogeneous 
responses emerging from recent data highlight the necessity of a thorough reconstruction of 
the spatial and temporal precipitation patterns in order to understand their possible driving 
mechanisms.  
Lake water levels of a closed basin lake are a first order measure of the balance between 
precipitation, runoff, and lake evaporation, and thus can serve as a quantitative tool to study 
the variability of regional precipitation and water availability (Broecker, 2010; Goldsmith et 
al., 2017). In this study, we present the first long-term lake level history at Lake Chenghai, a 
closed basin lake located in subtropical East Asia (Fig. 1; 26.5°N, 100.5°E; Alt. 1,500 m asl.; 
also see SI #1; Fig. S1) and discuss the potential mechanisms that dominate precipitation on 
orbital to millennial timescales over the past ~15,000 years. 
 
2 Methods 
Lake level reconstruction. LC receives most of its water vapor from the Indian summer 
monsoon (SI #1; and Fig. S2&3). It is situated within a steep flanked pull-apart basin, 
producing a basin geometry that enables large lake level changes to be driven by small water 
balance and lake surface area changes, making lake level highly sensitive and enabling a 
reconstruction of small water balance changes (SI #1; Fig. S1). Satellite images (Google 
Earth) and Shuttle Radar Topography Mission digital elevation model (SRTM DEM; 30-m 
resolution) were used to locate and map terraces and paleo-shorelines (Fig. S1). In the field, 
20 outcrops/profiles and 10 paleo- shorelines were mapped and stratigraphic relations were 
evaluated (SI #2; Fig. S4). 87 radiocarbon ages of pinecones, wood debris, and aquatic 
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snail/mussel shells were obtained (SI #2; Table S1), and twelve optical stimulated 
luminescence (OSL) samples were measured on lake sediments (SI #2; Table S4). In 
addition, eleven radiocarbon ages of modern samples, including modern lake water, 
submerged aquatic plant, and living snails (SI #2; Table S2), indicate that lake water is at 
radiocarbon equilibrium with the atmosphere (SI #2; Table S2), obviating the need for a 
reservoir correction. Furthermore, a tufa U/Th age is similar to the 14C age of snails from the 
same layer, strongly supporting the lack of old carbon effect in this lake (SI #2; Table S3). A 
cave located between the low and high stands at the northeast beach of Lake Chenghai 
(named ‘LC Cave’ thereafter; SI#3) contains a stalagmite that could not have been formed 
when the cave was submerged, thus stalagmite growth episodes indicate times when lake 
levels were lower than the cave (SI #3; Fig. S5). Thirteen U/Th ages were obtained from this 
stalagmite to cross check the lake level changes inferred from other beach evidence recorded 
in outcrops/paleo-shorelines (SI #3; Table S3).  
 
Hydrological modeling and lake level sensitivity. Changes in the lake’s water budget and 
the sensitivity of lake level to climatic changes were quantified using a mass balance model:  
Al×P + (Ac-Al)×P×f = E×Al 
Where Ac and Al are the areas (m
2) of the catchment and the lake, respectively, f is the 
rainfall utilization fraction (i.e., the percent of rain that reaches the lake as runoff and/or 
groundwater), and P and E are the precipitation and evaporation (m/yr), respectively. For the 
calculation, we assume the groundwater catchment is identical to the runoff catchment and 
therefore it is included in the calculation of f. Modern f is 22% calculated from modern 
hydrological observational data (SI #4; Fig. S6), which implies that small changes in 
precipitation could generate big runoff changes.  
At the high stand (~ 40 m above the modern lake level; see below), LC surface area was 
only ~25% larger than the modern lake area (SI #1). For the high stand, precipitation (P), 
potential evaporation  and f cannot be constrained independently; therefore, we combined the 
closed basin lake model with the Fu model (L. Zhang et al., 2004), which is an empirical 
relation relating Ep, P, and f. To sustain the high stand while assuming potential evaporation 
was similar to present, requires a precipitation increase of ~9% (SI #4). As the lake 
overflowed at its high stand this is a minimum value.  
Modern evaporation at LC is well modeled by the Penman equation (Linacre, 2009) 
(Fig. S2), enabling the use of this equation to test evaporation sensitivity. Global mid-
Holocene mean annual temperatures were slightly higher than modern (Marcott et al., 2013); 
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a 1ºC higher temperature would increase evaporation by ~20 mm/yr, which is 1.3% of the 
modern evaporation. Thus we assume changes in evaporation were negligible and interpret 
lake level variations as predominantly controlled by changes in precipitation, with higher lake 
levels corresponding to higher precipitation, and vice versa.  
 
3 Results 
Lake level changes at Lake Chenghai. LC lake levels (Fig. 2) were 20-40 m higher than 
present during the Bølling-Allerød (14-12.8 ka) and early Holocene (11.5-8 ka). The high 
stand is punctuated by four episodes of decreased lake level (12.8-11.5 ka (Younger Dryas), 
11±0.2 ka, 10.5-10 ka and 9.5-9.3 ka). A sharp decrease in lake level occurred at ~ 8 ka and 
the lake level remained low for nearly 4,000 years (Fig. 2). The LC Cave stalagmite growth 
episodes occurred at ~16-14 ka BP, ~10.5 ka BP, and during 6.5-5.7 ka BP (Fig. 2), consistent 
with  low lake levels inferred from paleo-shoreline/terrace evidence. LC lake levels began 
rising after ~4 ka BP, and between 2.2 and 0.6 ka BP lake levels were generally high and the 
lake overflowed episodically (Fig. 2; Table S1).  
No beach evidence of high lake levels younger than ~1400AD was found, which may 
suggest that the lake could have dropped after that time, or that the strong human activity 
may remove/mask the natural high lake level beach evidence of the recent several centuries. 
Historical literature suggests that the lake began to fall during the middle of the Ming 
Dynasty (1368-1644 AD). During the Wanli Empire period (1573-1620 AD), a dam (named 
as ‘Hai Zha’ in Chinese, Alt.: ~1540 m) was constructed across the Chenghe River as 
recorded in ‘Wanli Yunnan Chorography’ and ‘New Yunnan Chorography’, suggesting that 
the lake dropped at that time and people had to artificially store water (Xu et al., 2016; Xu, 
Song, et al., 2019). A dramatic lake level decrease (~ 30 m) at ~ 1770 AD is described in the 
chorography of ‘Yong Bei Zhi Li Ting Zhi’ (Hillman et al., 2016; Xu et al., 2016), and the 
lake switched from an open to closed system thereafter (Xu et al., 2016). However, it is still 
not clear whether the origin of these lake level drops during the last several centuries is 
natural or anthropogenic. 
 
Hydroclimatic changes at Lake Chenghai 
Bølling-Allerød to early Holocene wet. The high lake levels from Bølling-Allerød to early 
Holocene indicate broadly wet hydroclimatic conditions, synchronous with high boreal 
summer insolation and coeval with the global deglaciation (14-8 ka). The four sharp 
decreases in lake levels (12.8-11.5 ka (Younger Dryas), 11±0.2 ka, 10.5-10 ka and 9.5-9.3 ka) 
  
©2020 American Geophysical Union. All rights reserved. 
indicate four abrupt monsoon weakenings during this period. These abrupt monsoon 
weakenings are possibly correlated to events identified in other proxy indices over 
subtropical East Asia (see comparison in Fig. 3). 
 
Mid-Holocene drought. The mid-Holocene low lake levels indicate dry conditions, which 
differs from the presently widely recognized wet mid-Holocene conditions inferred from a 
large number of proxy indices (Dykoski et al., 2005; Goldsmith et al., 2017; Hudson et al., 
2017). However, there are records that support dry mid-Holocene conditions throughout 
subtropical East Asia (Fig. 1 & 3), presented henceforth: 
 (1) Grainsize from Tengchong Qinghai Lake (TCQH; see location in Fig. 1), interpreted 
as an indicator of monsoon precipitation (E. L. Zhang et al., 2017), shows similar trends with 
LC lake level changes from Bølling-Allerød to the mid-Holocene (Fig. 3). A sharp decrease 
in sedimentary Ti content in TCQH also occurred at ~8 ka and remained low for about 4,000 
years (E. L. Zhang et al., 2017), which suggests a dry mid-Holocene hydroclimatic condition 
(in comparison with the early Holocene). However, during the late Holocene TCQH grainsize 
record and Ti contents further decreased, which may be ascribed to the strong influences of 
human activity on the sedimentary records for this small lake. 
(2) Magnetic index of a stalagmite collected in Heshang cave in Jianghan Basin, central 
China, showed dry mid-Holocene (Fig. 3) (Zhu et al., 2017).  
(3) Transitions from lacustrine sediments to peat deposits during the mid-Holocene in 
Dajiuhu peatlands (Ma et al., 2009) point to low water availability during the mid-Holocene. 
Biomarkers indices from these peatlands also suggest much drier conditions during the mid-
Holocene (X. Huang et al., 2018; Xie et al., 2013). 
(4) The sedimentary Ti contents in Lake Huguangyan (HGY) was previously interpreted 
as dominated by winter monsoon intensity (Yancheva et al., 2007). However, Zhou et al. (H. 
Zhou et al., 2007) and Zaarur et al.(Zaarur et al., 2018) argued that the HGY sedimentary Ti 
should mainly come from the catchment and therefore should be closely related to changes in 
regional hydrology. Shen et al. (Shen et al., 2013) proposed that the HGY sedimentary Ti 
contents should be controlled by changes in monsoon-dominated vegetation cover and 
therefore should be inversely correlated to changes in summer monsoon intensities. As shown 
in Fig. 3, the reversed HGY sedimentary Ti contents show a similar trend with the LC lake 
levels through Bølling-Allerød to mid-Holocene, supporting the monsoon precipitations 
inferred from LC lake levels. However, the late Holocene HGY Ti contents deviate from the 
LC lake level trend, this is not surprising as the sedimentation rate nearly tripled during the 
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late Holocene (Yancheva et al., 2007), which may be ascribed to strong anthropogenic 
impacts on the HGY sedimentary Ti contents. 
(5) The low total pollen concentrations during the mid-Holocene in Lake Lugu (E. L. 
Zhang et al., 2018), ~120 km northwards to Lake Chenghai, suggest a decrease in vegetation 
cover and decreased monsoon precipitation over that period (Fig. 3). Relatively dry 
conditions can also be inferred from δ13C of pyrogenic carbon of the same core (E. L. Zhang 
et al., 2018). 
 (6) Mid-Holocene dry conditions can also be inferred from the high sedimentary 
carbonate content (carb%) in Lake Fuxian (approximately 300 km away from Lake 
Chenghai) and in Lake Xingyun (in adjacent to Lake Fuxian). Sedimentary carb% in both 
lakes were relatively low (<10%) during the early Holocene, but reached 40-60% during the 
mid-Holocene, and returned to low (~10%) again during the late Holocene (Chen et al., 2014; 
Hodell et al., 1999; Li et al., 2019; Wu et al., 2018). Lakes Fuxian and Xingyun are closed 
basin lakes, and thus increased Carb% could be the result of lake level lowering, causing 
higher alkalinity and [Ca] and favoring carbonate precipitation. Therefore, the mid-Holocene 
high sedimentary carb% most likely points to lower water availability and lower lake levels. 
(7) The monolete spore contents in a core collected at the Toushe peat bog, central 
Taiwan (Liew et al., 2006) (Fig. 1), show broadly drier conditions during 8 ~4 ka BP, in 
comparison with the early and late Holocene. The switch from lacustrine sediments to peat 
deposits from early to mid- Holocene in a core collected at Retreat Lake, northeastern 
Taiwan, also suggests a decreasing water availability during the mid-Holocene, even though 
it was originally interpreted oppositely (Selvaraj et al., 2007). 
 
Late Holocene wetting. The high LC lake levels during the late Holocene suggest an 
increasing trend in precipitation. The fast lake level oscillations inferred from a large number 
of ages during the interval of 2.2-0.6 ka BP suggest fast and sharp changes in monsoon 
precipitation. Both the late Holocene wetting trend and precipitation events at Lake Chenghai 
are similar to those inferred from magnetic index of a stalagmite in Heshang Cave, central 
China (Zhu et al., 2017). 
 
4 Discussion 
LC long-term lake level trend is out of phase with trends in boreal summer solar 
insolation (Kutzbach, 1981) and  precipitation inferred from other proxies (Y. J. Wang et al., 
2001) or lake levels (Goldsmith et al., 2017) from East Asian summer monsoon (EASM) 
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areas (Fig. 3), suggesting that additional processes other than direct insolation forcing must 
have influenced subtropical Asian monsoon precipitation. Millennial scale variability of the 
ASM has been documented by numerous previous studies, and have been ascribed to changes 
in solar activity and global oceanic circulations (Hong et al., 2003; Y. Wang et al., 2005; Xu 
et al., 2015), thus we will not address millennial monsoon variability but focus on the long-
term LC precipitation trend and its potential driving mechanisms. 
The LC record shows high lake level during the early and late Holocene and low lake 
levels during the mid-Holocene. This pattern is also evident for subtropical East Asian 
precipitation in the TraCE-21ka simulations (Liu et al., 2014) (Fig. 4). There are two global 
records that show similar patterns to LC record: northern to southern hemispheric 
temperature gradients (∆TN-S) (McGee et al., 2014) and eastern to western Pacific SST 
gradients (∆TW-E) (Koutavas & Joanides, 2012) (Fig. 4). During the early and late Holocene 
∆TN-S and ∆TW-E were small and during the mid-Holocene ∆TN-S and ∆TW-E were large. The 
processes, interactions, and teleconnections between the global meridional energy transport 
and the zonal Pacific temperature gradients are at the forefront of the climate and 
paleoclimate communities and thus will not be solved in this paper. In turn, we will use 
modern observations to evaluate possible mechanisms that can explain the empirical relations 
between LC and ∆TN-S and ∆TW-E. 
 
4.1 Possible influence of zonal Pacific temperature gradients on south China rainfall- El 
Niño-Southern Oscillation (ENSO) 
Modern changes in tropical Pacific SSTs have been suggested to affect modern rainfall 
over China (Chang et al., 2000; Chiang et al., 2015; Ding et al., 2008; B. Wang et al., 2013) 
and thus could have potentially affected rainfall on longer time-scales. Modern observations 
reveal that the increased equatorial SST gradient during a La Niña state could strengthen the 
Walker circulation and lead to increased monsoon precipitation over Indian summer monsoon 
(ISM) areas; while during an El Niño state, the decreased equatorial Pacific SST gradients 
lead to decreased Walker circulation and weakened ISM precipitation (Kumar et al., 1999). 
To explore this relation throughout the Holocene we used a compilation of tropical Pacific 
SSTs (Koutavas & Joanides, 2012) (Fig.4), which represent ENSO fluctuations- the largest 
source of interannual scale climate variability in the world. ∆TW-E was small during the early 
and late Holocene and large during the mid-Holocene (Koutavas & Joanides, 2012). Tropical 
ENSO variability was high during the early and late Holocene and low during the mid-
Holocene (Cobb et al., 2013; Koutavas & Joanides, 2012; Mcgregor & Gagan, 2004). LC 
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lake levels vary in a pattern that is similar to that of the ∆TW-E (Fig. 4) and ENSO variability 
throughout the Holocene. During the mid-Holocene, ∆TW-E  were increased (Koutavas & 
Joanides, 2012; Stott et al., 2004), corresponding to an enhanced La Niña state, which based 
on the modern analogous (Kumar et al., 1999) should correspond to intensified ISM 
precipitations. However, we show decreased hydroclimatic conditions over subtropical East 
Asia during the mid-Holocene, suggesting that the tropical Pacific ENSO influence may be 
more important on annual to decadal/multi-decadal scales (Xu et al., 2016). The observed 
subtropical East Asian long-term water availability could be mainly ascribed to some other 
forcing, possibly the location of the WPSH as modulated by zonal tropical Pacific SST 
gradients and interhemispheric temperature gradients which will be discussed below. 
 
4.2 Possible influence of zonal Pacific temperature gradients on south China rainfall - 
WPSH 
WPSH is a high pressure system that resides over the western subtropical North Pacific. 
Precpitation depatures over areas governed by the WPSH are negtively correlated with those 
over typical EASM areas (e.g. northern China) (Ding et al., 2008; B. Wang et al., 2013), 
which has been generally ascribed to the anticyclonic nature of the WPSH (Chiang et al., 
2015; Ding et al., 2008; B. Wang et al., 2013). Huang and Sun (R. Huang & Sun, 1992) 
showed that for modern climate, warmer (colder) SSTs in the tropical western Pacific lead to 
stronger (weaker) convective activity in the Philippines, which drive a northeastward 
(southwestward) shift of the WPSH and cause dry (wet) conditions in south China (primarily 
in the mid to lower reach of the Yangtze River valley-  and the Huaihe River valley) and wet 
(dry) conditions in north China (in the Yellow River). Zhou et al. (T. J. Zhou et al., 2009) 
used five AGCM models to examine the relationship between WPSH and tropical SST, and 
suggested that negative heating in the central and eastern tropical Paciﬁc and increased 
convective heating around the equatorial Indian Ocean-western Pacific drive a westward 
expansion of the WPSH. In the past ~30 years, the tropical oceans were generally warmer, 
and the WPSH shifted westward (T. J. Zhou et al., 2009), implying that during warmer 
conditions the WPSH tends to move westward. Thus, the modern data suggests that the state 
of tropical Pacific SSTs can drive changes in rainfall in China via changes in the meridional 
and zonal location of the WPSH. 
LC lake levels resembles ∆TW-E (Fig.4) and the temperature change in the Eastern 
Pacific (Koutavas & Joanides, 2012, not shown). Although it is presently not clear how the 
WPSH varies on longer than decadal timescales and what the relation between ∆TW-E and the 
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WPSH is. It is likely that the increased mid-Holocene ∆TW-E could have triggered stronger 
equatorial easterly winds and led to warmer SST conditions of the western tropical Pacific, 
intensifying convective activity around the Philippines and subsequently modulating both the 
location and intensity of WPSH, and influencing precipitation over subtropical East Asia. We 
diagnosed the historical locations of the central WPSH based on the TraCE-21ka simulations  
(Liu et al., 2014)  and the extracted central WPSH longitudes (Fig.4) show that the WPSH 
extended westwards gradually from Bølling-Allerød to mid-Holocene, while after ~ 4ka, the 
WPSH shifted from west to east, which is broadly consistent with the LC lake level trend. 
Therefore, if LC lake levels represent the location of the WPSH, this would imply that on 
longer time scales, the location of the WPSH is modulated by the zonal temperature gradients 
of the tropical Pacific. 
 
4.3 Influence of meridional temperature gradients on south China rainfall 
Temperature gradients between the northern and southern hemispheres are important in 
modulating the meridional location of planetary atmospheric circulations (McGee et al., 
2014; Toggweiler, 2009). For example, increased ∆TN-S is expected to push the north 
hemisphere westerlies northwards and vice versa (McGee et al., 2014; Putnam & Broecker, 
2017; Toggweiler, 2009; Xu, Zhou, et al., 2019), and the north hemisphere subtropical high is 
also expected to move synchronously. Changes in ∆TN-S have been linked to changes in 
ocean circulation (Chiang & Bitz, 2005; McGee et al., 2014; Toggweiler, 2009). For modern 
conditions, although the influence of ∆TN-S on ASM rainfall is unclear, there is a possibility 
that an enhanced (reduced) ∆TN-S would shift the WPSH northward (southward). As shown 
above, in the modern, a northeastward displacement of the WPSH results in reduced rainfall 
in south China and vice versa. Thus, changes in ∆TN-S could potentially change the 
meridional location of the WPSH and consequently modulate the southern China 
hydroclimatic conditions, especially on long term timescales. The Holocene ∆TN-S resembles 
LC lake levels, during the early and late Holocene when lake levels were high, ∆TN-S was 
small, which would be consistent with a southward displacement of the WPSH. During the 
mid-Holocene when lake levels were low, ∆TN-S was large, which would be consistent with a 
northward displacement of the WPSH.  
 
5 Conclusions 
We reconstructed a 15,000-yr lake level history based on elevated shorelines, which 
enables a quantitative rainfall reconstruction in south China. Lake levels were high during the 
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early and late Holocene and low during the mid-Holocene. The long term lake level pattern is 
similar to interhemispheric temperature gradients and zonal Pacific SST gradients. A 
compilation of paleoclimate records from across China shows that the early Holocene was 
wet throughout monsoonal China, suggesting a homogenous response throughout China to a 
strengthened ASM. During the mid and late Holocene, a heterogeneous hydroclimate pattern 
existed across China. We suggest that a juxtaposition of the WPSH (i.e. changes of its zonal 
and meridional location) on the ASM, governed by either the interhemispheric or zonal 
Pacific temperature gradients, caused the observed differential hydroclimate response across 
China, including themid-Holocene drought inferred from our southern China lake level 
records. As global warming continues, the meridional SST gradients are expected to increase 
(Rind, 1998), which might cause a northward and perhaps westward shift of WPSH 
(analogous to the conditions during the mid-Holocene), leading to a decrease in precipitation 
over subtropical East Asia. 
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Figure 1. Left, location of Lake Chenghai and the sites mentioned in the text (see below). 
Gray arrows show streamlines (at 850 hPa) averaged between June to August of 1968-1996 
based on NCEP/NCAR reanalysis data (Kalnay et al., 1996). Right panel shows a digital 
elevation model (DEM) image of Lake Chenghai with modern and high lake stands, and 
catchment boundary. Numbers in left panel denote parts of the sites mentioned in the text: 1) 
Lake Chenghai (this study), 2) Qinghai Lake in Tengchong County (E. L. Zhang et al., 2017), 
3) Lake Lugu (E. L. Zhang et al., 2018), 4) Lake Xingyun and Lake Fuxian (Li et al., 2019; 
Wu et al., 2018), 5) Dongge Cave (Dykoski et al., 2005), 6) Dajiuhu peatland (Xie et al., 
2013), 7) Heshang Cave (Zhu et al., 2017), 8) Lake Huguangyan (HGY) (Yancheva et al., 
2007), 9) Toushe peat bog (Liew et al., 2006), 10) Retreat Lake (Selvaraj et al., 2007). 
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Figure 2. Reconstructed Lake Chenghai lake level curve (blue) and dated material (see legend). 
The horizontal dashed lines denote the overflow elevation (1542m) and the modern lake levels 
(generally at ~1506m; presently the lake level is < 1500m). Blue arrows show potential lake 
outflow. Orange question marks denote two potential high stands inferred from OSL ages. 
Green rectangles with green arrows show the stalagmite U/Th ages, indicating times when the 
lake was lower than 1523 m (see SI #3 for details). Red dashed intervals denote times when 
the extent of low/high stands is uncertain.   
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Fig. 3. Comparison between LC lake level (curve D; blue thick; this study) and other Asian 
monsoon proxy indices. A. Dongge Cave δ18O curve (pink) (Dykoski et al., 2005). B. 
Sedimentary grainsize (orange) from Tengchong Qinghai Lake (TCQH) (E. L. Zhang et al., 
2017). C. Sedimentary Ti contents (brown) from Lake Huguangyan (Yancheva et al., 2007). 
E. Isothermal Remanent Magnetization (IRM) index (purple) from Heshang Cave (Zhu et al., 
2017). F. Pollen concentration (green) from Lake Lugu (E. L. Zhang et al., 2018). Vertical gray 
columns show broadly synchronous monsoon weakenings between different records from 
Bølling-Allerød to mid-Holocene.  
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 Figure 4. Potential drivers of the long-term subtropical East Asia precipitation. A. summer 
insolation at 30°N (red) (Berger, 1978). B. North-south hemisphere temperature gradients (pink 
line is from McGee et al. (McGee et al., 2014), and pink dotted line is from Shakun et al. 
(Shakun et al., 2012)). C. Normalized tropical pacific SST gradient (green) (Koutavas & 
Joanides, 2012). D. Simulated summer (JJA) precipitation (20°-27°N,110°-125°E) extracted 
from TraCE-21ka simulation (orange) (Liu et al., 2014). E. Longitude of the central western 
Pacific subtropical high (WPSH; black) based on TraCE-21ka simulation  (Liu et al., 2014). F. 
LC lake levels (blue, this study; the blue-dotted line is the 2-order polynomial fit).  
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